Induced bank infiltration (BI) is commonly implemented in other countries, but remains new and unexplored in Malaysia. Increasing river pollution could affect drinking water resources. Given the threat of pollution to raw water sources, applying induced BI to sustain water management is essential. This paper presents a case study of the BI method, which evaluates the effects of groundwater pumping and BI operation on the installation of wells as well as determines the effect of pumping rate on flow paths, travel time, the size of the pumping and capture zone delineation, and groundwater mixing in a pumping well in Jenderam Hilir, Malaysia. The proposed method performs infiltration safely and achieves the ideal pumping rate. Numerical modeling packages, MODFLOW and MODPATH (particle tracking) were used. Results indicate that the migration of river water into the aquifer is generally slow and depends on the pumping rate and distance from well to the river. Most water arrives at the well by the end of a pumping period of 1-5 days at 3,072 m 3 /day for test wells DW1 and DW2, and during simultaneous pumping for DW2 and PW1 for a well located 36 and 18 m, respectively, from the river. During the 9.7-day pumping period, 33 % of the water pumped from the DW1 well was river water, and 38 % from DW2 throughout 4.6 days was river water. The models provide necessary information for water operators in the design and construction of pumping and sampling schedules of BI practices.
Introduction
Sustainable groundwater resource management through induced bank infiltration (BI) is an alternative surface water treatment method. The BI system near rivers is utilized in water resource management to increase both water quantity and quality. It is also used to obtain safe drinking water supply from the river. The BI method helps prevent problems caused by pollution without the need for additional chemical treatment because some suspended and dissolved contaminants from the surface water are treated or reduced through aquifer materials. Therefore, BI is an effective, inexpensive, and sustainable means that allows water supply utilities to ensure high water quality.
Compared with surface water, groundwater is typically a higher quality source and requires less treatment. However, in many areas, groundwater is insufficient to meet water demand (Yusoff et al. 2012) . Vertical wells, as a water collector along the river at a low entrance Electronic supplementary material The online version of this article (doi:10.1007/s12665-014-3217-6) contains supplementary material, which is available to authorized users. velocity, benefit from the filtration capabilities of alluvium. Aside from BI, production wells near the river also receive groundwater from the land and the pond in the catchment area. Therefore, the raw water acquired using the BI method is a mixture of both surface water and groundwater that contains different chemicals. The BI method depends on river water quality and the efficiency of the purification process when water seeps through the riverbed. To manage and protect the water supply, transport processes need to be predicted using the BI method. To date, the method has mostly been studied using numerical simulations. This study demonstrates a performance simulation of a vertical well using particle tracking with Visual MODFLOW, which was developed by the United States Geological Survey (USGS) and MODPATH for simulating the movement of water particles through the simulated groundwater system. This study aims to identify infiltration-related parameters, such as optimum pumping rate and distance between the riverbank and the production well. In this study, data on travel time, pathlines, and influence zone of river water were determined to characterize the interactions between water in the river and the alluvial aquifer. The applications of particle tracking techniques are important in transportation studies and to predict pathogen attenuation during transportation and artificial recharging. Primarily, the requirements for soil retention time need to be met to prevent pathogens and anthropogenic impact on the environment. Another goal of the study was to obtain pertinent data regarding BI implementation and its results, which can be used by water operators.
Materials and method

Site description
The study area, Jenderam Hilir, is located in the southwest state of Selangor within the Langat Basin and extends between latitude 2°53 0 28.56 00 N and 2°53 0 39.75 00 N and longitude 10°42 0 03.78 00 E and 101°44 0 14.58 00 E, covering an area of 10 km 2 ( Fig. 1) . Dengkil, the town nearest the study area, is located near Putrajaya (the administrative capital of Malaysia) and Kuala Lumpur International Airport. The study area is located about 4 km downstream of the confluences of Langat and Semenyih Rivers and near the Semenyih River water intake and treatment plant. Three major ponds are situated in the area. The small BI site consists of a confined sandy aquifer, underlain by interbedded sandstone with conglomerate, phyllite, schist, slate, shale, and mudstone of the Kenny Hill/Kajang Formation. This formation forms the basement of the study area during Devonian epochs.
Conceptual model
The model for groundwater aquifer was developed as shown in Fig. 2 . The regional conceptual model was developed with few assumptions on the aquifer layers and hydraulic properties (Fig. 1, ESM only) . The model boundary condition was extended to the west and the east of the well location in Jenderam Hilir to study the regional effect of the proposed BI method installation. The model was adjusted based on the measured water levels in the study area. A conceptual model is a graphic representation of the groundwater flow systems, frequently in the form of a block diagram or a cross section (Anderson and Woessner 1992) . For this study, a few conceptual models of the aquifer system found in JICA and MGD (2002) were used.
Evaluation of geological data material from borehole drillings and geoelectrical measurements revealed that the model area consists of two stratigraphical units, namely, one aquitard layer and a highly permeable underlying aquifer. The aquitard layer (clayey silt) was defined as about 3-5 m from the ground surface (layer one), followed by an aquifer layer (sandy gravel and gravel for layer two) that may reach 19 m depth. The aquifer parameters and sources are presented in Table 1 . River stage, river bottom elevation, and conductance values were assigned to the river boundary condition in the model and were based on available data from the Department of Drainage and Irrigation (DID 2005) and Arrifin (2004) . The riverbed material was assumed to be the same as the aquifer material. Hydraulic conductivity value is divided into ten zones (one zone for layer one and nine zones for layer two) depending on the analysis of grain size and based on the pumping test.
For particle tracking simulation, a 2D conceptual model of the study area was constructed and compared with Chen's (2001) conceptual model (Fig. 3) . Using an analytical approach, Chen (2001) described a river-aquifer model to illustrate the migration process of river water. He considered an unconfined alluvial aquifer bordered on one side by a river (Fig. 3) . Under this condition, groundwater and river water exchange does not occur (Fig. 3a) . During withdrawal, the groundwater table around the production well declines, thereby producing a cone of depression (Fig. 3b) . As withdrawal continues, the diameter of the cone of depression expands, and the cone eventually intercepts the river. With more pumping, the segment of the influenced river may expand up-and downriver but becomes constant after achieving a steady-state condition.
In this case, the steep hydraulic gradient from the stream is enhanced in the influenced segment. This process may take days or even weeks (Chen 2001) . River water along the river-aquifer boundary (x = 0) begins to leak into the aquifer. The ultimate destination of the water is the pumping well. Initially, the movement of the river water in the aquifer must be very slow because groundwater velocity is generally small near the outer limits of the cone depression. Velocity increases as infiltrated water gets closer to the well. As long as a pumping period is sufficient, all infiltrated water will eventually reach the pumping well. However, with a short pumping period, some river water may reach the well, whereas other water may simply remain in the aquifer. The water at the location x = 0 and y = 0 requires the least time to arrive at the pumping well. Hantush (1965) called this pathline the ''meridian'' line, which is the x-axis in Fig. 3 .
Numerical modeling
The development of input files is compiled using Visual MODFLOW, a commonly used data preprocessor to accelerate and facilitate the development of the MOD-FLOW model. A 3D representation of the site was created in Visual MODFLOW. This model was created as a 150 m 9 150 m mesh in the x and y (east-west and northsouth directions, respectively). Model topography (the top of the first layer) was imported from elevation data for the well casings and topographic map of the site, generated by the digital elevation model and by field survey with the use of theodolite. The elevation of the boreholes was measured using two survey methods, namely, theodolite and differential GPS. Relative elevations of water level monitoring points were determined using a total station theodolite. The water table in the model was referenced to indicate sea level (rectified skew orthomorphic). The elevation of the top of the second model coincides with the elevation of the streambed along the reach. This configuration allowed us to place piezometer screens in the model immediately below the base of the stream and outside of cells with assigned constant head boundary conditions. The elevations of the top and bottom of the second layer coincide with those of the top and bottom of the sand gravel unit measured from borehole logs at each well installation.
Model parameters
Hydraulic conductivities of model layers were estimated from the analyzed data of aquifer test and from site measurement divided by nine zones. Besides transmissivities, storage coefficients, and leakage rates, the horizontal and vertical hydraulic conductivities, through the confining unit of the aquifer, were estimated from the pump test and the storage coefficients divided by three zones, that is, one in the first layer and two zones in the second layer. These values were considered initial estimates of hydraulic parameters applied to the model (Table 1) . River boundaries were assigned for the western and eastern edges of the modeled area which are bounded by the Semenyih and Langat Rivers. The boundary condition allows water to enter the wells through gravity flow. Vertical hydraulic conductivity for the bed layer that lies under the stream (colmation layer) was also measured using the -4 m/s, were obtained after determining the geometric mean of the samples from different depths in the clogging layer underlying the stream. The riverbed material was assumed to be the same as the aquifer materials.
All the rivers were represented using the River Package of the MODFLOW groundwater model. A value between 5 and 20 % of annual precipitation is recommended as an estimate of recharge when data are unavailable (Waterloo 2005) . Hence, recharge was set equal to 12 % of the average annual precipitation after the revision throughout model calibration and validation processes. The Visual MODFLOW model was run temporarily calibrated to hydraulic heads recorded monthly from January 2010 to December 2010.
The model setup for the BI method is shown in Fig. 2 , (ESM only). Boundary conditions for the flow model consisted of (a) five specified heads (or constant head cells), which were the five water sources in the east (the union of Langat and Semenyih Rivers, and ponds A, B, and C) and in the southwest (Jenderam Hilir River) of the study area. Extending the boundaries of the small study area to these natural hydrological boundaries could minimize the effect of boundary conditions on simulation results. The boundaries were specified as the stages of the water courses. The water table in the model was indicated as sea level and designated as m in the small study area. This depth was on average 5 m below the ground surface and was measured in pump and observation wells prior to the test (b) because natural hydrogeologic boundaries exist neither in the north nor in the west and the east of the study area. No flow boundaries were set 10 m west and east between the pumping well and the stream. These were more than sufficient from the pumping well; hence, no pumping effects should reach them during the modeling period. No flow boundary was near the deep bottom boundary (bedrock). Finally, the pumping well was specified as in constant flux where the pumping rate is determined. Recharging from the surface was considered a constant flux boundary (almost negligible), because a single short rain episode occurred during the test. Other recharge sources in the site were infiltration from the stream to the shallow aquifer because of the pumping-induced infiltration. The outflow of the systems was due to stream output, represented by a constant head boundary, and to a specified flow boundary, represented by the discharging pumping well. To gain initial values and an approximate bandwidth of the hydraulic conductivities in the model area, data from pump tests and the analysis of soil samples were utilized. In several calibration runs, the parameters were refined and a certain array of K values ensured the best matches between the observed and calculated head values. Figure 4 depicts the distribution of horizontal hydraulic conductivities in the aquifer of layer two. In the aquifer layer, nine zones with different K values ranging from 0.0012 to 0.0095 m/s can be distinguished. Conductivities are assigned equal in the x and y directions and lower by one order of magnitude in the vertical direction. Grid cells with pumping wells have conductivities of 0.0095, 0.05, and 0.05 m/s for DW1, DW2, and PW1, respectively. One uniform conductivity zone across the entire model region with a value of 1.2 9 10 -5 m/s in the x, y and z directions was assigned for the aquitard layer, which can then be considered nearly impermeable. The localized groundwater flow was studied using the colloidal borescope system (CBS). Findings show that the river loses and gains reach that continually recharges and discharges into the groundwater (Fig. 3, ESM only) . All layers were assumed to have homogeneous hydraulic properties because the data were not enough to determine heterogeneity in this area. The hydraulic conductivity and specific storage values were obtained through calibrations with hydraulic head data at the observation wells (DW1, DW2, and PW1).
Steady-state (no pump well is activated) groundwater flow model and calibration
The equation for groundwater flow through the porous media used in the model can be written as a partial differential equation:
where K xx , K yy , and K zz are the hydraulic conductivities in the three orthogonal directions (m/s or ft/day), h is the head that drives the flow or the saturated thickness of the aquifer (m or ft), W is the volumetric flux per unit volume and represents the source/sink term for water or withdrawal (m 3 /s or ft 3 /day), S s is the specific storage capacity of the porous medium (dimensionless), and t is the time (s or day). When the water withdraws, -W = R, where R is a general sink/source term, it is defined to be intrinsically positive to represent recharge [defines the volume of inflow to the system per unit volume of aquifer per unit of time (ft 3 /ft 3 /day or m 3 /m 3 /s)]. Before the pumping is analyzed and simulated, the models need to be calibrated to a steady state. The data used for calibration were based on the monitoring data collected in January 2010 from eight observation wells. The models were developed to simulate the groundwater flow and transport the solute and pathogens in a BI system performance test. The first run of the simulation was performed to determine the steady-state head conditions. By trial and error, the calibration obtained the initial estimates of model parameters (mainly hydraulic conductivity) until the model matched the observed and simulated estimates or reproduced the observed configuration of the water table contours. The model was run repeatedly until it achieved acceptable accuracy. According to Ahmad et al. (2008) , a solution computed using this initial model was imported for the smaller site, and the errors were analyzed. The groundwater flow model was re-calibrated in the main area of interest to improve the model's predictive power at the targeted small study site. Upon the input of new values for hydraulic conductivity and recharge, a new solution was generated, and a new error estimate was computed. The parameters that were initially inputted were adjusted during the calibration until the degree of fit between model simulations and field measurements was quantified statistically and used in the groundwater field flow modeling. The   Fig. 4 Distribution of horizontal hydraulic conductivities in the aquifer of layer two acceptable residue should be a small fraction of the difference between the highest and lowest heads across the site and based on: (1) the small ratio of the root mean square (RMS) of error to the total head loss; (2) head differential of \5 % for the residual mean and deviation, and; \10 % ratio of the standard deviation to the total head change (Anderson and Woessner 1992) .
Transient groundwater flow simulation and calibration Predicted water level obtained by the calibrated steadystate simulation was used as the initial head in the transient groundwater flow simulation from the actual 3-day pump test. A forced-gradient flow was created by operating the submersible pump inserted in the pumping well. The pumping rate of DW1, DW2, and PW1 was set to 3,072 m 3 /day. Changes in the river's water level during the test were negligible. Transient pumping conditions were modeled to examine the effect of the pumping well discharge from layer 2. The flow was transient, so the velocity field was available. Therefore, ten stress periods were simulated with a one-time step simulation assigned to each stress period. The result of the transient flow simulation was presented in the form of head contour maps. The observed pre-and post-monsoon water levels from January 2010 to December 2010 were used for the transient state calibration. In the stressed model calibration, a set of transient field-observed heads from the same observation wells at the site was used. The model calibration was evaluated and accepted based on hydrographs at each target location following the same procedures described above in calibrating the unstressed steady-state model. For each transient model run, an analysis of the observed versus computed water levels was conducted to determine the accuracy of the simulation.
Particle tracking simulation
To estimate the travel time and construct pathlines of the river water in the aquifer, the particle tracking cone MODPATH was used. MODPATH (McDonald and Harbaugh 1988; Pollock 1989 ) in the 3D USGS particle tracking and post processing (display) program was designed to work with MODFLOW to identify the travel time and paths of particles mimicking the contaminants. The results of this program represent the groundwater travel times and pathlines for advection transport only. Using a flow field computed by MODFLOW, the MOD-PATH can track a set of fictitious particles to simulate the movement of contaminants starting from the user-defined point source locations. MODPATH assumes the validity of Darcy's law and the law of conversation of mass in the same fashion as MODFLOW. MODFLOW models provide the velocities at only the midpoints of the cell boundaries. The particle velocities are calculated by MODPATH using linear interpolation. The velocity component of the particle at any time is a known function of the particles' coordinates. Therefore, the coordinate of the particle at any future time can also be computed (Pollock 1989) . The groundwater velocity was first estimated using the calibrated groundwater flow model described above. To estimate the tracking times, an effective porosity value was defined for each cell in the grid. An effective porosity value of 0.15 was used for layer 2. To show the migration process of infiltrated river water in the confined aquifer, forward and backward particle tracking was performed using MOD-PATH. A set of particle starting locations that surround the cell that contains the pumping well was specified. Particles were tracked forward to track infiltrated water from the river into the shallow aquifer and backward from the pumping well to locate the origin of the flow paths in the river during a 3-day test period.
Result and discussion
Calibration results for groundwater flow simulation
The assessment of the model fit was quantified by the simulations, computed as the difference between the simulated and the observed hydraulic heads. For this model, the estimated mean absolute error (MAE) is 0.27 m, the RMS is 0.188 m, and the normalized root mean square error (NRMS) is 5.84 %, which indicate a well-calibrated model. Calibration statistics coupled with acceptable model parameter values indicate a highly reliable calibration. Calibration was achieved with a residual mean close to 10 % and a\10 % ratio of residual standard deviation to the overall range.
In transient calibration, the long-term simulated heads (from January to December 2010) were compared with measured heads using a time series of observed heads at the eight observation wells. For the stressed model, the estimated MAE, RMS, and NRMS are 0.22, 0.296 m, and 8.849 %, respectively. Overall, the calibrated model is able to simulate water levels and water level fluctuations sufficiently to evaluate the impact of future water resource scenarios on BI systems. All together seven scenarios were considered in this study; the detailed plans are listed in Table 2 .
Forward tracking from the river travel times and pathline determination A forward tracking scheme was used in MODPATH to determine which particles are captured by the pumping well. Particles were placed along the interface between the Environ Earth Sci (2014) , and 7 show a plane view of the pathlines of river water converging at the pumping well for DW1 and DW2, and the pathlines while pumping DW2 and PW1 simultaneously, respectively, after 1, 2, 3, 4, and 5 days of pumping period. The green dot in Figs. 5, 6, and 7 represents the starting locations of the particles at the river-aquifer boundary, and the maroon arrows represent the river water pathlines that terminate at the pumping well. The maroon pathlines represent the locations of terminating river water pathlines that did not reach the well during the fourth and fifth day of pumping for DW1 and 1.1 days of pumping for DW2. As shown in Figs. 5, 6, and 7, not all river water volumes reached DW1 after 4.6 days of pumping when the river was located 36 m away from the pumping well. For DW2, not all river water volumes reached the pumping well after 1.1 days of pumping when the river was located 18 m distance from the pumping well; a pumping rate of 3,072 m 3 /day was used in both cases (scenario 1). However, the river water in the reach was close to the pumping well and extended 18 and 36 m, there by reaching the well (Figs. 5, 6, 7) . These figures also show the distance for the starting locations of the pathlines that converge only at the pumping well. The time required for these water particles to reach the well varies. Particles located at a greater distance take much longer to reach the well. For example, the water particle at DW2 takes 1.1 days to reach DW2 during the pumping test. These pathlines are almost straight (Pathline 1, Fig. 9 ) and are the same as using the CBS method. The water at the location from the downriver direction (x = 0, y = 56.8 m; pathlines 7 0 ) takes 4.6 days to reach the well, whereas it takes 4.1 days from the upriver direction (x = 0, y = 43 m; pathline 6).
Varied pumping rates and river pumping simulations When the river pumping well distance was doubled for DW1 (36 m), with the same pumping rate of 3,072 m 3 /days (scenario 2), none of the river water pathlines converged at the pumping well (Fig. 4, ESM only) during the first day of pumping. The water particles take 4.6 days to reach the well (x = 0, y = 0). However, when the river pumping well distance to the river and the pumping rate were doubled (6,000 m 3 /day) (scenario 3), many pathlines converged at the pumping well (Fig. 4, ESM only) pumping rate then the water particles at the location (x = 0, y = 0) reached the well after 2.3 days of pumping. The new upriver and downriver locations for DW1 that converge at the pumping well were located at x = 0 and y = 96 m with a travel time of 3.75 days and x = 0, at y = 38 m with a travel time of 4.85 days (Fig. 8) , respectively.
This conclusion was also supported by the results obtained when using half the distance (18 m) for DW2 between the river and the pumping well; when the pumping rate was doubled (6,000 m 3 /day) (scenario 4), many pathlines converged at the pumping rate after 4 days of pumping (Fig. 5, ESM only) . In this scenario, water particles at x = 0 y = 0 take 0.8 day to reach the well. However, if both pumping wells, example DW2 and PW1 were pumping together and were located near each other (5 m interval), using the 3,072 m 3 /day (scenario 5) pumping rate showing the pathlines (x = 0, y = 0), water reached PW1 after 0.4 day (Fig. 6, ESM only) . This result is better than that of DW2, in which the pathlines takes 0.5 day to reach the well. When the pumping rate of two wells was doubled (6,000 m 3 /day) (scenario 6), the pathline (x = 0 y = 0) reached PW1 after 0.37 day, whereas it takes 0.4 day for DW2 (Fig. 6 , ESM Only). These simulations indicate that pumping rate has a greater effect on river water travel time and influence zone than the pumping well location. Using scenario 1, the upriver and downriver pathlines converged at the pumping well, whereas doubling the distance (36 m), the pumping rate (6,000 m 3 /day) (scenario 3) and the pumping wells (DW2 and PW1) (scenario 6) added more distant pathlines that converged at the upriver and downriver wells. This conclusion is also supported by the results of using half the distance (9 m) between the river and the pumping well and using the same pumping rate (3,072 m 3 /day) (scenario 7). In this scenario, the water particles at the location took 2.33 and 0.55 day to reach the well when the DW1 and DW2 wells are half the distance from the river. The upriver and downriver locations with pathlines that converged at the pumping well were almost identical to the original simulation (scenario 1). The upriver and downriver locations, having pathlines that converged at the pumping well, had a travel time of days, respectively. However, when the pumping rate for the simulation which used half the river-well distance was doubled (scenario 4), new upriver and downriver locations with pathlines that converged at the pumping well were added, which meant that the shortest pathlines needed only 1.15 and 0.25 day, respectively, to reach the well.
Riverbank infiltration influence zone
Results from the previous simulations indicate that the aquifer fraction between the river and pumping well can be replaced with infiltrated river water during several days of pumping. The geometry of this zone is another interesting characteristic in the analysis of the river-aquifer interactions incorporated in BI schemes. The river water which extends 18 m in downriver locations reaches the well after a 3-day pumping period. The water particles that traveled along the meridian line reached the well after only 1.1 days. Particles located farther from the well took much longer to reach wells such as DW1. The river water particles, some of which were close to and others located far from the well, that moved along other pathlines remained in the aquifer (Figs. 8, 9 ). The area covered by the pathlines in this portion of the aquifer is filled with river water (8a and 9a). Connecting the ends of these pathlines forms a curve that represents equal pumping time locations for the induced river water. The area is almost uniform as modeled because the most important influence is the 3-m head gradient between the river and the aquifer. This area was found to be 3,900 m 2 for DW2 and 12,360 m 2 for DW1 because of the doubled distance from DW2, which delineates the part of the aquifer that is filled by infiltrated river water or the BI-influenced zone. This area represents the influenced aquifer after 3 days of continuous pumping. Given the area of BI influence and the aquifer parameters, the volume of the river water discharged to the aquifer can be determined. If the area of the BI influence zone for DW2 (A) is 3,900 m 2 , with an aquifer thickness (b) of 13.4 m and a specific yield (S) of 0.05, then the river water that leaked to the aquifer is approximately equal to A 9 b 9 S, which is 2,535 m 3 . For DW1, if the area of the BI influence zone is (A) 12,360 m 2 , with an aquifer thickness (b) of 11 m and a specific yield (S) of 0.05, then 6,798 m 3 of river water leaked to the aquifer.
Backward tracking of particles: delineation of capture zone analysis
The delineation of the backward flow paths of particles using MODPATH is shown in Figs. 7, 8, and 9 (ESM only) which show that the river water mixes with water from the surrounding aquifer. The 3D nature of delineation of Pathlines for the daily pumping period when the area has been infiltrated by river water during the a 1-day, b 2-day, c 3-day, d 4-day, e 5-day, f 6-day, g 7-day, and h 8-day pumping periods at a pumping rate of 3,072 m 3 /days at DW2 and PW1, which were pumped simultaneously. The first arrival takes 0.4 days to reach the well which was located 18 m from the river Environ Earth Sci (2014) 72:3129-3142 3139 backward flow paths of particles is best seen from a crosssectional view. The backward tracking option in MODPATH was used to delineate the capture zone for the pumping well for the given time periods. From the pumping well capture zone, after 1-4 days of pumping, the pathlines that intersect the area covered by the river in the study site indicate that the river and the production well connected during the pumping period. The evolution of the capture zone for the pumping well over time is shown in Figs. 7, 8, and 9 (ESM only) . The area for the 4-day pumping period influence zone is 14,400 m 2 for DW2 and 15,360 m 2 for DW1. The influenced area will be smaller for a shorter pumping period, as shown in Figs. 7, 8 , and 9 (ESM only) which illustrate eight zones for different pumping periods. If DW2 and PW1 pump together under scenario 1, the influence zone is 20,160 m 2 during the 3-day pumping period.
Mixture of groundwater and river water at the pumping well
The particle tracking models demonstrate that river water at the study site moves slowly to the well during pumping periods. For example, for a pumping well located only 18 m from the river, it takes 1.1 days to reach the well through the shortest path, which is the straight pathline (pathline 8). For wells located far from the river, it will take longer (DW1). The pumping well will produce a mixture of river water and groundwater. Thus, a water sample collected from the well may therefore be a mixture of river water and groundwater. Chen (2001) described a method to determine the percentage of river water at the pumping well using the geometry of the river water-influenced zone around the well. The area of the aquifer contained within the farthest Fig. 8 Pathlines of induced river water converging at the pumping well for DW1. Travel time along each pathline varies with the use of Chen's method upstream and downstream pathlines located above and below the meridian pathline (the one with the location of the particle starts at x = 0, y = 0) (Figs. 8, 9 ) and both converging in the pumping well is expressed in terms of the angle created by the two pathlines. The river water that migrated along these two upper and lower pathlines arrived at the pumping well, whereas the river water that migrated to the area outside the two pathlines did not arrive. This angle is measured and compared to a 360°angle (a complete circle, which represents the capture zone of the well). DW1 has two pathlines, one located 60 m upriver (pathline 5 0 in Fig. 8 , of 7.5 days) and the other located 114 m downriver based on the aquifer area (pathline 7 0 of 9.7 days). Both pathlines are located above and below the meridian pathline, and form a 120°angle around the well. Therefore, river water is estimated to be 33 % (or the ratio of 120°/360°) of the total water flowing into the well. DW2 has two pathlines, one located 45 m upriver (pathline 6 of 4.1 days) and the other located 55 m downriver (pathline 7 0 of 4.6 days). Both pathlines are located above and below the meridian pathline and form a measured angle of 140°a round the well of DW2. Therefore, river water is estimated to be 38 % (or the ratio 140°/360°) of the total water flowing into the DW2 well. A detailed description of method is provided by Chen (2001) .The pathlines are curved around the well, so the angle should be measured near the well. This percentage was achieved after 4.6 days of pumping for DW2 and 9.7 days for DW1. However, as the pumping continues, the percentage of river water will increase in the well and the measured angle of the converging pathlines will increase. The distance of the well to the river is relatively short for this study. If the pumping wells adjoin with the two wells and pump simultaneously, as in DW2 and PW1, the percentage of the river water will increase and the converging pathlines angle will be different. BI wells allow the water operator to filtrate the river water, thereby reducing contaminants and the cost of chemical treatment for the surface water. 
Conclusion
Particle tracking, pathlines, travel time, and influence zones are important characteristics in understanding riveraquifer interactions that occur during BI because of groundwater extraction. These techniques can be essential to studies in transport during BI to predict pathogen attenuation during transport and artificial recharge. Such techniques ensure compliance with adequate soil retention time requirements for removal of human pathogens and other pollutants. The simulation results indicate that the pumping rate has a greater effect on river water travel time than the location of the pumping well from the river. Operating the pumping well at a doubled distance from the river increased the time required for the water to travel to the well, but did not greatly change the capture zone. The water along the meridian line (x = 0, y = 0) only traveled during the pumping period allocated from the simulation and needed more time to reach the well. However, doubling the pumping rate greatly expanded the influence zone and reduced the travel time of particles. When the distance between the river and the pumping well was halved and the original pumping rate was used, the travel time for particles was reduced, but the capture zone from the river did not change. When the pumping rate for this half river-well distance scenario was doubled, more upriver and downriver locations with pathlines that converge at the pumping well were added to the influence zone. Understanding the relative importance of well location and pumping rate is helpful in designing appropriate sampling schedules for BI applications. In addition, the pathlines, the travel time from the river to the well, and the river water-groundwater ratio at the well should also be understood. Moreover, the river water-groundwater ratio flowing into the well was determined using particle tracking. This information provides an idea about groundwater dilution and mixing ratios, which is an important determining factor in assessing BI. Discharge of river water into the aquifer creates an influence zone that may have distinct water chemistry from other parts of the aquifer. If the river water is contaminated and the BI mechanisms were effective in removing certain contaminants, then the area of the aquifer that contains river water should have enhanced groundwater quality. The simulation results also suggest that the migration of infiltrated river water into nearby aquifers is generally slow and that the most infiltrated river water does not arrive at the pumping well at the end of a 3-day pumping period at a rate of 3,072 m 3 /day for DW1. However, for DW2, infiltrated river water arrives within 1.1 days because the wells are located near the river. Infiltrated river water may remain in the aquifer for several days before arriving at the well.
